By using ionic liquid 1-hexylpyridinium hexafluorophosphate (HPPF 6 ) based carbon ionic liquid electrode (CILE) as the substrate electrode, a CoMoO 4 nanorods and myoglobin (Mb) composite was casted on the surface of CILE with chitosan (CTS) as the film forming material to obtain the modified electrode (CTS/ CoMoO 4 -Mb/CILE). Spectroscopic results indicated that Mb retained its native structures without any conformational changes after mixed with CoMoO 4 nanorods and CTS. Electrochemical behaviors of Mb on the electrode were carefully investigated by cyclic voltammetry with a pair of well-defined redox peaks from the heme Fe(III)/Fe(II) redox center of Mb appeared, which indicated that direct electron transfer between Mb and CILE was realized. Electrochemical parameters such as the electron transfer number (n), charge transfer coefficient (α) and electron transfer rate constant (k s ) were estimated by cyclic voltammetry with the results as 1.09, 0.53 and 1.16 s with the detection limit as 0.0426 μmol L −1 (3σ).
Introduction
Direct electrochemistry of redox proteins and electrode is currently attracting widespread attentions due to its importance to understand the structure and function of proteins. The research can also provide the basic information for the development of electrochemical biosensors. Myoglobin (Mb) is an important oxygen transporting protein in the biological system, which is consisted of a polypeptide chain and a heme cofacter. [1] [2] [3] However, due to the deep burying of electroactive center in the complicated structure of protein and the denaturation of proteins or the unfavorable orientation on the electrode interface, direct electron transfer of proteins on the bare electrode is difficult to be realized. 4 Great efforts have been made to increase the electron transfer kinetics of proteins with electrodes by using mediators or promoters such as polymer films, 5 clay, 6 nanoparticles 7 and biomembranes. 8 By using these functionalized materials direct electrochemistry of proteins could be greatly enhanced on the modified electrodes with a pair of redox peaks appeared. With the development of nanotechnology different kinds of nanoparticles had been applied to direct electrochemistry of protein. Nanostructure materials have exhibited unique properties such as large surface area, exceptional chemical stability, tunable porosity, good electrical conductivity, high mechanical strength, biocompatibility and catalytic activities. 9 The presence of nanomaterials on the electrode can provide a novel way to enhance electron transfer rate between proteins and electrode due to the quantum size effect and surface effect. 10 Different kinds of nanoparticles such as carbon nanotube (CNT), graphene, metal, semiconductor with various morphologies had been used in the protein electrochemistry. For example, Wang et al. 11 investigated the direct electrochemistry and electrocatalysis of Mb adsorbed in gold nanoshells. Ruan et al. 12 studied the direct electrochemistry and electrocatalysis of Mb based on grapheneionic liquid (IL)-chitosan bionanocomposites. Sun et al. 13 prepared graphene-TiO 2 -IL nanocomposite film modified electrode and applied it to investigate the direct electrochemistry of hemoglobin (Hb). Ma et al.
14 developed a biocompatible nano-platform for immobilization of Hb based on ZrO 2 nanotubes-IL for the electrochemical sensing of NaNO 2 . But there are seldom reports about the application of molybdate compounds in the field of protein electrochemistry. Metal molybdates are important inorganic materials with many applications in photoluminescence, electrochemistry and catalyst. As for CoMoO 4 , there are three basic types existing under atmospheric pressure, that is the low temperature α-CoMoO 4 , the high temperature β-CoMoO 4 and the hydrate CoMoO 4 ·nH 2 O. Kichambare et al. 15 applied CoMoO 4 as a photo anode in the polycrystalline pellet form for photovoltaic electrochemical cell. Rodriguez et al. 16 investigated the electronic properties and phase transformations of CoMoO 4 and NiMoO 4 by X-ray absorption near-edge spectroscopy and XRD studies. Pandey et al. 17 studied the structural, optical, electrical and photovoltaic electrochemical properties of CoMoO 4 thin film. Peng et al. 18 proposed a large scale synthesis method of nanostruc- In recent years carbon ionic liquid electrode (CILE) has been widely used in the field of electrochemical sensors.
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CILE was prepared by using IL as the binder and the modifier in the traditional carbon paste electrode (CPE). ILs are compounds consisted entirely of ions that exist in liquid state around room temperature, which exhibit the properties such as extraordinarily high chemical and thermal stability, good conductivity, wide electrochemical windows and good dissolving capability. 24 Due to the present of IL in CPE, CILE has been proven to exhibit excellent performances such as resistivity towards electrode fouling, high rates of electron transfer and the inherent catalytic activity. It has been reported that CILE combines the advantages of carbon electrode such as glassy carbon electrode (GCE), carbon ceramic electrode and pyrolytic graphite electrode. 25 So CILE has been used as the working electrode in the field of electrochemical sensors. Maleki et al. 26 made a CILE with noctylpyridinum hexafluorophosphate and carbon powder to investigate the electrochemical behaviors of different electroactive compounds. Sun et al. 27, 28 fabricated an N-butylpyridinium hexafluorophasphate based CILE for the electrochemical applications. Safavi et al. 29 fabricated a glucose sensor based on nanoscale nickel hydroxide modified CILE.
In this work, CoMoO 4 nanorods were synthesized and used for the investigation on the direct electrochemistry of Mb with CILE as the substrate electrode. Mb modified electrode was fabricated with the addition of CoMoO 4 nanorods and chitosan (CTS) was used as the film to fix the composite on the electrode surface, which could increase the stability of the modified electrode. Direct electrochemistry of Mb was realized and enhanced with a pair of well-defined redox peaks appeared, which could be attributed to the specific properties of CoMoO 4 nanorods. Electrochemical behaviors of Mb were carefully investigated with the electrochemical parameters calculated. The modified electrode exhibited excellent catalytic activity to the electrochemical reduction of trichloroacetic acid (TCA) and hydrogen peroxide (H 2 O 2 ) with wider linear range and lower detection limit.
Experimental
Reagents. Myoglobin (Mb, MW. 17800, Sigma), 1-hexylpyridinium hexafluorophosphate (HPPF 6 , Lanzhou Greenchem ILS. LICP. CAS., China), chitosan (CTS, minimum 95% deacetylated, Dalian Xindie Chemical Reagents Ltd. Co., China), graphite powder (average particle size 30 µm, Shanghai Colloid Chemical Plant, China), trichloroacetic acid (TCA, Tianjin Kemiou Chemical Ltd. Co., China) and hydrogen peroxide (H 2 O 2 , Tianjin Bodi Chemical Holding Ltd. Co., China) were used as received. CoMoO 4 nanorods (nano-CoMoO 4 ) were synthesized based on the reported procedure.
21 0.1 mol L −1 phosphate buffer solutions (PBS) with various pH values were prepared and used as the supporting electrolyte. All the other chemicals were of analytical reagent grade and doubly distilled water was used to prepare all solutions.
Apparatus. All the electrochemical measurements were executed on a CHI 750 B electrochemical workstation (Shanghai CH Instrument, China) with a conventional threeelectrode system, which was composed of a modified CILE as working electrode, a saturated calomel electrode (SCE) as reference electrode and a platinum wire as counter electrode. UV-Visible absorption spectrum and FT-IR spectrum were operated with a Cary 50 probe spectrophotometer (Varian Company, Australia) and a Tensor 27 FT-IR spectrophotometer (Bruker, Germany), respectively. Scanning electron microscopy (SEM) was conducted on a JSM-6700F scanning electron microscope (Japan Electron Company, Japan).
Electrode Preparation. CILE was prepared with the following procedure: 0.8 g of HPPF 6 and 1.6 g of graphite powder were ground carefully in a mortar to get an IL modified carbon paste. Then a portion of homogeneous paste was packed firmly into a glass tube (Φ = 4.2 mm) with the electrical contact established through a copper wire to the end of the paste. Before use the surface of CILE was polished on a weighing paper to get a mirror-like interface for the further modification.
The modifier was prepared by mixing Mb and nanoCoMoO 4 homogeneously to obtain a suspension solution with the final concentrations of 15.0 mg mL −1 and 0.3 mg mL . Before the measurement the buffer solutions were deoxygenated by bubbling high pure nitrogen thoroughly for 30 min and the nitrogen atmosphere environment was kept in the electrochemical cell during the procedure.
Results and Discussion SEM Images. SEM was used to record the image of the synthesized CoMoO 4 nanomaterial with the results shown in Figure 1 and the inset was the enlarged magnitude of the image. It can be seen that CoMoO 4 appeared as rodlike nanostructures with the average diameter of 200 nm. Also some of the nanorods aggregated together to form bundles like structure. The disorder distribution of CoMoO 4 nanorods can form a porous structure on the electrode surface with the increase of the effective area, which is suitable for the immobilization of Mb molecules.
FT-IR and UV-Vis Absorption Spectroscopy. FT-IR spectroscopy is a sensitive tool for studying the secondary structure of heme proteins. The characteristic amide I (1700-1600 cm
) and amide II (1620-1500 cm
) bands of proteins can provide the detailed information on the secondary structure of polypeptide chain. The amide I band is caused by the C=O stretching vibration of peptide linkages in the backbone of the protein, and the amide II band is assigned to a combination of N-H bending and C-N stretching vibrations.
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FT-IR spectroscopy was recorded with the results shown in Figure 2 (A). It can be seen that the amide I and II bands of native Mb were located at 1651 and 1528 cm −1 (curve a). While the mixture of CTS, CoMoO 4 and Mb also gave the similar positions with the amide I and II bands at 1649 and 1525 cm −1 (curve b). The almost same position of the wavenumber in FT-IR spectra indicated that Mb still retained its original structure after immobilized with CTS and CoMoO 4 nanorods.
The secondary structure of proteins in the composite can be further confirmed by UV-Vis absorption spectroscopy. In UV-Vis absorption spectrum the Soret absorption band from the four iron heme groups of heme proteins is sensitive to the variation of the microenvironment around the heme group and the band shift may provide the information about the denaturation on the tertiary structure in heme proteins. transfer rate, which was in accordance with the former reported result.
34 CILE has been proven to exhibit some specific characteristics such as good conductivity, high rates of electron transfer and the inherent catalytic activity. Also a layer of IL film is present on the electrode surface, which could provide a specific interface for the immobilization of Mb and the realization of the electron transfer. With the addition of CoMoO 4 nanorods on the electrode surface, a pair of well-defined and quasi-reversible redox peaks appeared with the increase of redox peak currents (curve d), indicating the presence of CoMoO 4 nanorods enhanced the electron transfer between Mb and CILE. The redox peak current was obtained as 18.92 μA (Ipc) and 17.08 μA (Ipa), respectively, which was about 2.8 times higher than that of CTS/Mb/CILE. The peak potentials were located at −0.179 V (Epa) and −0.260 V (Epc), respectively, with the ΔEp value of 81 mV. The increase of the redox peak currents and the decrease of the ΔEp value indicated that the presence of CoMoO 4 nanorods on the electrode surface exhibited excellent electrocatalytic ability and improved the electron exchange rate. The formal potential, which was calculated from the midpoint of Epa and Epc, was obtained as −0.220 V (vs. SCE), and the result was the typical characteristics of heme Fe(III)/Fe(II) redox couples. So Mb molecules on the electrode underwent a quasi-reversible electrochemical reaction due to the presence of CoMoO 4 nanorods on the CILE surface.
Effect of Scan Rate. To further investigate electrochemical characteristics of the immobilized Mb on the electrode surface, the effect of scan rate on the cyclic voltammetric response was investigated in the scan rate range from 80 to 800 mV s . As shown in Figure 4 , the cathodic and anodic peak currents of Mb increased gradually with the increase of scan rate. Two linear regression equations between the redox peak current and scan rate were calculated as Ipc(μA) = 104.2 ν(V s From Figure 4 it can also be seen that the redox peak potentials moved gradually with the increase of scan rate. The oxidation peak shifted to the positive direction and the reduction peak shifted to the negative direction with the peak-to-peak separation (ΔEp) increased, indicating a quasireversible process. The relationship of redox peak potentials and the natural logarithm of scan rate (ln ν) were calculated, which was linearly dependant in the range from 80 to 800 mV s −1 with the linear regression equations as Epc(V) = −0.0445 lnν − 0.285 (γ = 0.993) and Epa(V) = 0.0509 lnν − 0.128 (γ = 0.996), respectively. Then the electrochemical parameters of Mb in the composite film could be calculated based on the Laviron's equations: 36, 37 log k s =αlog(1−α)+(1−α)logα−log − where α is the electron transfer coefficient, n is the number of electron transferred, ν is the scan rate, and E 0' is the formal potential, k s is the electron transfer rate constant and ΔEp is the peak-to-peak potential separation, R, T and F have their conventional meanings. Based on these equations the value of n was estimated as 1.09, suggesting that totally one electron was involved in the electrode reaction. The values of α and k s were further calculated as 0.53 and 1.16 s It is well-known that most of the heme proteins exhibit a pH-dependent conformational equilibrium and the pH value of the buffer solution influences the electrochemical reaction of the heme proteins. The effect of buffer pH on the response of CTS/CoMoO 4 -Mb/CILE was investigated in the pH range from 1.0 to 7.0. The increase of buffer pH led to a negative shift of both reduction and oxidation peak potentials, which indicated that protons involved in the electrode reaction. The maximum redox peak currents were obtained at pH 3.0 buffer solution, which was selected for the furthur investigation.
Electrocatalysis of CTS/CoMoO 4 -Mb/CILE. Because of the presence of similar active center of Mb with peroxidase, Mb exhibits intrinsic peroxidase activity in the catalytic reaction. Due to the presence of Mb on the electrode surface, the modified electrodes often showed good electrocatalytic ability toward the reduction of different substrates with a large decrease of activation energy. The electrocatalytic activity of CTS/CoMoO 4 -Mb/CILE to TCA and H 2 O 2 was investigated to probe its potential applications. Figure 5 showed the cyclic voltammograms of the modified electrode with different concentrations of TCA. It can be seen that a new reduction peak appeared at −0.258 V (vs SCE) with the addition of TCA, and the reduction peak currents increased gradually with the disappearance of the oxidation peak current, which was a typical electrocatalytic reduction process. The linear relationship of the electrocatalytic reduction peak current and TCA concentration was constructed in the range from 0. with the above equation. So the Mb molecules immobilized on the electrode surface exhibited a high affinity for TCA. In order to compare the electrochemical performance of Mb modified electrodes, the electrochemical data were summarized in Table 1 . It can be seen that the CTS/CoMoO 4 -Mb/CILE exhibited wider linear range and lower detection limits for TCA detection. Electrocatalysis of CTS/CoMoO 4 -Mb/CILE towards the reduction of H 2 O 2 was further investigated with the cyclic voltammograms shown in Figure 6 . With the addition of different amounts of H 2 O 2 into PBS, a new reduction peak appeared at −0.255 V, indicating the electrocatalytic reduction. So the electrocatalytic reduction of H 2 O 2 by Mb on the modified electrode can be explained with the following Stability and Reproducibility. The stability and reproducibility of CTS/CoMoO 4 -Mb/CILE was also studied. The electrode was stored at room temperature when not in use, it could remain 97.8% and 94.1% of its initial responses after storage of 14 days and 30 days, respectively, which indicated that the Mb modified electrode had good stability. Four modified electrodes were fabricated with the same procedure and further applied to the detection of 20.0 mmol L 
